Abstract. This paper reports growth and material characterization of InGaN-based laser diode (LD) structure grown on Si(111) substrate by metal organic chemical vapor deposition (MOCVD) with a high-temperature-grown thin AlN buffer layer and an AlN/GaN multi-layer (ML) intermediate layers. Two types of LD structures on Si were prepared, (a) with bulk nand p-type Al 0.02 Ga 0.98 N cladding layer, and (b) with SLS n-and p-type Al 0.06 Ga 0.94 N/GaN cladding layer. Active layer with 3 periods of In 0.10 Ga 0.90 N/In 0.03 Ga 0.97 N multi-quantum-well (MQW) is sandwiched between the cladding layers. A standard LD structure (c) with identical MQW grown on GaN(0001) free-standing substrate was also prepared for comparison. Mirrorlike and meltback-etching free surfaces have been achieved for both of the samples grown on Si. High-resolution x-ray diffraction (HRXRD) ω/2θ scan reveals that a good quality of MQW has been achieved for both of the samples grown on Si. Temperature-dependence PL measurement reveals that LD structure grown on Si with SLS cladding layer has higher internal quantum efficiency η int than that of the sample with bulk cladding layer.
Introduction
GaN and its tertiary and quaternary alloys are very promising materials for light-emitting optoelectronic devices such as LEDs and LDs, with emission range from deep-ultra-violet (DUV) to infra-red (IR) region. A tremendous research has been performed for optoelectronic and electronic devices based on GaN. However, most of the growth of GaN and its related alloys have been performed on sapphire, SiC and GaN free-standing substrates which have the advantages of small thermal and small lattice mismatch with GaN epilayer. On the other hand, Si is also a promising substrate for GaN growth, which offers many advantages such as low cost, large diameter, good thermal conductivity for high-performance devices, vertical electrode capability and the possibility for integration with Si-based electronics to create a monolithic optical and electronics integrated circuit (OEIC).
Despite its large thermal and lattice mismatch with GaN, many groups, including ours, have reported good quality GaN epitaxial growth and devices on Si(111) substrate [1] [2] [3] [4] [5] . For light emitting devices, however, growth of GaN-based devices on Si are more focused for LEDs [1] [2] [3] [4] [5] [6] . On the other hand, growth of GaN-based LDs are performed on sapphire [7] [8] [9] , SiC [10, 11] and GaN free-standing [12, 13] substrates. To our knowledge, successful growth of GaN-based LD structure on Si substrate for current pumping has never been published, due to the complexity during layer growth and necessity for thick structure, which may result to cracks in the epitaxial layer. AlN is widely used as buffer layer for GaN growth on Si. Several reports use thick AlN buffer layer to prevent the formation of meltback-etching and cracks [3, 14] . However, thickening the AlN buffer layer will produce higher current-resistance to the final device due to the insulating nature of AlN, which is not practical for LD with vertical electrode. This study reports the growth and material characterization of LD structures on Si(111) substrate by utilizing thin AlN buffer layer and AlN/GaN multilayer (ML) intermediate layer.
A standard LD structure on GaN(0001) free-standing substrate is also prepared for comparison.
Experiment
The growth of LD structures in this report was carried out in a commercially available MOCVD with horizontal reactor system. Trimethylgallium (TMG), trimethylindium (TMI), trimethylaluminum (TMA) and ammonia (NH 3 ) were used as source materials, and hydrogen (H 2 ) was used as the carrier gas. Two type of LD structures grown on Si(111) substrate, denoted as sample A and sample B, and one LD structure grown on GaN free-standing substrate, denoted as sample C were prepared for comparison. In this study, sample C is a standard LD structure, and the growth for sample A and B is optimized to reach or exceed the performance of the standard sample.
Prior to the growth of both LD structures on Si(111) substrate, a thin high-temperature-grown AlN buffer layer and an AlN/GaN multilayer (ML) intermediate layer were grown to improve the structural and optical quality of the subsequent layers [1] [2] [3] [4] [5] . Sample A consists of a 500 nm thick n-Al 0.02 Ga 0.98 N cladding layer, n-GaN waveguide layer, active layer with 3 periods of 4 nm thick undoped In 0.10 Ga 0.90 N multi-quantum-wells and 8.0 nm thick Si-doped In 0.03 Ga 0.97 N barrier layers, GaN waveguide layer, p-AlGaN electron-block layer, 500 nm thick p-Al 0.02 Ga 0.98 N cladding layer and pGaN contact layer. Sample B consists of almost identical structure with sample A, except n-and ptype cladding layers which were replaced with n-and p-type Al 0.06 Ga 0.94 N/GaN strained-layersuperlattices (SLS) layers. SLS layers are generally used to reduce threading dislocation density in the active layer [9, 15] and to enhance carrier concentration in the cladding layer [15, 17] . In sample C, a thick n-GaN was used as buffer layer prior to the growth of LD layers. All subsequent layers in this sample are identical to sample A. Full structure for each sample is shown in figure 1 . Surface morphology of the samples was characterized using atomic force microscopy (AFM). Crystal quality and structural property were characterized by high-resolution x-ray diffractometer (HRXRD). Temperature-dependence photoluminescence (PL) measurement from 10 K to 300 K was performed using a 325 nm line of He-Cd laser as excitation source, to characterize the MQW performance. Emission from the MQW was collected using CCD positioned normal to the sample surface. The MQW indium composition x was estimated from PL peak energy at 300 K on sample C using the relation E g (x)=3.412(1-x)+0.65x-2.6x(1-x) eV, where E g is 3.412 eV for GaN [21] and 0.65 eV for InN [22] . E g is the effective excitonic band gap energy and the value -2.6 is the bowing parameter for strained c-plane In x Ga 1-x N layer on GaN for 0 0.2 x < < [16, 23] . The MQW layer thickness was determined by software simulation based on HRXRD ω/2θ characterization and TEM cross-sectional image (not shown).
Results and Discussion
AFM, HRXRD and PL properties of sample A, B and C are summarized in table 1. Specular and meltback-etching free surfaces have been achieved for all samples in our study. AFM surface morphology image in figure 2 shows that terraces can be clearly observed in samples grown on Si substrate. Screw component of dislocations and pure edge dislocations are clearly visible in the samples [9, 19] . In contrast, the sample grown on GaN substrate shows straight steps [19] . The RMS roughness measured on 3 3 祄 × area is 0.44 nm and 0.48 nm for sample A and B, respectively, while the peak-to-valley (P-V) is 3.58 nm and 3.59 nm for sample A and B, respectively. Despite a slight increase of roughness and P-V value for sample B compared to sample A, these values are more than 3 times larger than the structure on GaN substrate indicated by sample C. As shown in table 1, FWHM value of GaN ( 0004 ) x-ray rocking curve (XRC) is 990 arcsec, 1153 arcsec and 247 arcsec for sample A, B and C, respectively. The increase of the FWHM value in sample B, compared to that of sample A is consistent with AFM roughness and P-V for each of the PL characteristics at 10 K and 300 K for sample A, B and C is shown in figure 4 . The band-to-band photon energy emitted from the In 0.10 Ga 0.90 N/In 0.03 Ga 0.97 N MQW in the LD structures measured at 10 K is 2.84 eV, 2.88 eV and 2.89 eV for sample A, B and C, respectively. The strong peaks at ~3.06 eV, ~3.16 eV and ~3.24 eV are from Mg-dopant in the 500 nm thick p-type cladding layer and contact layer in the samples. The appearance of MQW fringes modulated by Fabry-Perot interference at ~2.7 eV confirms that a smooth and abrupt layer interfaces has been achieved in our samples. Measurements at 300 K reveals a small red-shift in all of the samples, with MQW band-to-band photon energy of 2.81 eV, 2.86 eV and 2.88 eV in sample A, B and C, respectively. Note than wider FWHM in sample C at 300 K is attributed by the combination of slightly-lower-energy fringe peaks (~2.8 eV) into the main peak, which is commonly seen in very high quality interfacial layer. the p-type cladding layer which limits He-Ne laser light from reaching the MQW, and limits the extraction of photon from MQW. Interestingly, sample B shows smaller photon emission intensity difference when the temperature is increased to 300 K, when compared to that of sample A. In order to investigate the peak behavior of the MQW, the MQW peak from temperaturedependence PL measurement is plotted in figure 5 , with 10 K interval for temperature from 10 K to 100 K, and 20 K interval for the next temperature increment until 300 K. A clear "S-shaped" peak behavior can be observed in all samples. The MQW emission peak red-shifts when the temperature is increased from 10 K to 70 K, blue-shifts when the temperature is increased from 70 K to 120-140 K, and returns to red-shifts when the temperature is increased from 120-140 K to 300 K. This result is consistent with report by Cho et al. [20] . However, with the increase of temperature, a stronger redshift trend is observed in both samples grown on Si substrate compared to that of GaN substrate. This trend is influenced by quantum-confined-stark-effect (QCSE), due to the strong tensile stress for GaN structure grown on Si substrate [6] . Larger QCSE can be confirmed in Sample A, as the whole emission peak was red-shifted, compared to that of sample B and C. Gaussian fitting has been performed to the temperature-dependence PL using a software called Origin to obtain the MQW normalized integrated intensity, as shown in figure 6 . Assuming that the internal quantum efficiency η int of the samples at 10 K as 100%, the η int at 300 K is estimated to be 0.06%, 0.34% and 1.21% for sample A, B and C, respectively. The Sample B shows one order of magnitude higher η int than that of sample A, probably due to lower QCSE in the MQW produced by the SLS cladding layer. The η int values in this study are generally low due to the thick p-type AlGaN cladding layer above the active layer in the LD structure. The significant decrease of luminescence at ~70 K until ~180-200 K in our normalized integrated intensity result can be speculated by the activation of non-radiative process which dominates the carrier-recombination at this temperature [20] . The temperature-dependence peak behavior and temperature-dependence normalized integrated intensity reveal that Al 0.06 Ga 0.94 N/GaN SLS layer is effective to reduce QCSE and improve η int in InGaN-based MQW grown on Si(111) substrate.
Conclusion
In summary, we have successfully grown good quality In 0.10 Ga 0.90 N/In 0.03 Ga 0.97 N LD structures on Si(111) substrate, using thin high-temperature-grown AlN buffer layer and AlN/GaN ML intermediate layers. The samples grown on Si(111) substrate in this study are mirror-like and free from meltbacketching. Our results reveal that the replacement of Al 0.02 Ga 0.98 N bulk layer with SLS layer consisted of Al 0.06 Ga 0.94 N/GaN into the n-and p-type cladding layer could reduce QCSE in the MQW, and increase the internal quantum efficiency η int of the sample. 
